2؉ -binding site was identified in the structure of the T1 domain of the Shaw-type potassium channels (aKv3.1). T1 is a BTB/POZ-type domain responsible for the ordered assembly of voltage-gated potassium channels and interactions with other macromolecules. In this structure, a Zn 2؉ ion was found to be coordinated between each of the four assembly interfaces of the T1 tetramer by three Cys and one His encoded in the sequence motif (HX 5 CX 20 CC) of the T1 domain. This sequence motif is conserved among all non-Shaker-type voltage-dependent potassium (Kv) channels, but not in Shaker-type channels. The presence of this conserved Zn 2؉ -binding site is a primary molecular determinant that distinguishes the tetrameric assembly of nonShaker Kv channel subunits from that of Shaker channels. We report here that tetramerization of the Shal (rKv4.2) T1 in solution requires the presence of Zn 2؉ , and the addition/removal of Zn 2؉ reversibly switches the protein between a stable tetrameric or monomeric state. We further show that the conversion from tetramers to monomers is profoundly pH-dependent: as the solution pH gets lower, the dissociation rate increases significantly. The unfolding energy of the T1 tetramer as a measure of the conformational stability of the structure is also pH-dependent. Surprisingly, at a lower pH we observe a distinctly altered conformational state of the T1 tetramer trapped during the process of unfolding of the T1 tetramer in the presence of Zn 2؉ . The conformational alteration may be responsible for increased rate of dissociation at lower pH by allowing Zn 2؉ to be removed more effectively by EDTA. The ability of the T1 domain to adopt stable alternative conformations may be essential to its function as a protein-protein interaction/signaling domain to modulate the ion conduction properties of intact full-length Kv channels.
learning and memory, as well as the control of synaptic efficacy. Functional Kv channels are formed by the tetramerization of their pore-forming ␣-subunits, a process regulated by the T1 domain of the channel (4, 5) . Four major gene subfamilies (Shaker (Kv1), Shab (Kv2), Shaw (Kv3), and Shal (Kv4)) are designated by sequence similarity and their ability to homo-and heterotetramerize exclusively within subfamily members. In the crystal structures of Shaker (6) and Shaw T1 tetramers (7) , four T1 subunits form a rotationally symmetric tetramer. The interfacial interaction is highly polar, and the interface residues show a high degree of sequence conservation within a subfamily, thus providing a structural explanation for the subfamily-specific assembly of Kv channels. Most recently, studies on the T1 domain as part of the intact channels have supported the idea that a tetrameric T1 domain with essentially similar atomic details to the crystallized structure is present within the full-length functional channel (8, 9) .
The overall architecture of the T1 tetramer consists of four layer-like segments folded along the symmetry axis around the water-filled cavity termed the T1 cavity (see Fig. 1 , layers [1] [2] [3] [4] from the N terminus to the C terminus of the T1 chain, respectively). The T1 cavity, however, does not appear to be part of the ion permeation pathway (10) , thus the cytoplasmic entryways for ions should lie between the T1 domain and the inner leaflet of the membrane, possibly forming four identical side openings through which ions can pass during ion conduction (8, 10 -12) . The C-terminal side of the T1 tetramer (layer 4) faces the inner leaflet of the membrane because the N-terminal side of the T1 tetramer (layer 1) interfaces the flat side of the Kv␤ tetramer, making the N-terminal side most likely to face the cytoplasm (12) . Zhou et al. (13) recently provided evidence to conclude that the N-terminal end of the unfolded polypeptide chain reaches the central pore cavity of the channel through this side opening. We have shown earlier that the putative membrane-facing side of T1 tetramer is conformationally flexible as compared with other parts of T1 (6, 10) . Mutations within the T1 domain that alter the structure of the C-terminal side of the domain affect the gating properties of the channel, further arguing for a close association of this side of the domain with the transmembrane region (10, 14) . A similar conformational change occurs within T1 tetramer when it is complexed with Kv␤ tetramer (12) .
The most striking difference between the Shaker channel T1 domain and the Shaw T1 domain is the presence of intersubunit-coordinated Zn 2ϩ ions in the assembly interface in Shaw channels. These Zn 2ϩ ions are coordinated by a C3H1 motif encoded within the conserved sequence (HX 5 CX 20 CC) of the T1 domain, located near the C-terminal end of the domain. This sequence is not found in any Shaker T1 domains but is highly conserved in Shal, Shaw, and Shab T1 domains, making it a characteristic difference between Shaker channels and all other Kv channels. These four amino acids are fully exposed on the subunit interface with one histidine and two cysteine residues from one subunit and a cysteine residue from the facing subunit. However, the locations of four Zn atoms within the tetramer are deeply buried inside the protein, ϳ6 or 14 Å from the exterior or interior of the protein surface of the tetramer, respectively (7) . This location suggests that Zn 2ϩ may not directly interact with the channel gating or permeation machinery, but rather likely alters the properties of the T1 domain itself to explain its striking conservation in non-Shaker-type channels.
To elucidate the roles such Zn 2ϩ ions might play in the non-Shaker-type Kv channels, we have examined the biochemical roles of Zn 2ϩ in Shal T1 domain assembly and structural stability. In this report, we demonstrate that Zn 2ϩ is absolutely essential for the stable maintenance of Kv4.2 T1 tetramer in solution. We then show that removal and addition of Zn 2ϩ directly results in conversion between monomer and tetramer interchangeably. We further demonstrate that the conversion between tetramer and monomer is pH-dependent, and there is a distinctly altered conformation of T1 tetramer at slightly acidic pH. Such conformational plasticity can enable T1 to mediate signaling through various protein-protein interactions with the cytoplasmic components, such as with K channelinteracting proteins (KchIP) (15) , or Src tyrosine kinases (16) , and Kv␤ (17) , to regulate Kv channels. These results clearly support that a probable conformational linkage propagating through the T1 tetramer can act as a signaling mediator for protein-protein interactions (18), thus implicating T1 as an essential structural platform for channel regulation through interactions with cytoplasmic proteins. Consistent with this idea, structural models to regulate conductance of bacterial channels through conformational changes of cytoplasmic domains have been recently reported (19, 20) .
MATERIALS AND METHODS
Protein Preparation-A modified pET20b vector carrying the Histagged version of rKv4.2 T1 domain (residues 41-161) were transformed into BL21(DE3) P-LysS cells. Cells were grown at 37°C in the LB medium containing 100 g/ml ampicillin and 34 g/ml chloramphenicol and were induced with 1 mM IPTG 1 at 22°C for 4 -5 h when the A 600 reached 1-2.0. The cells were pelletted and then sonicated in buffer containing 20 mM Tris, pH 8.0, 300 mM NaCl, 5 mM ␤-ME, and 50 M ZnSO 4 . The soluble fraction was collected for nickel-nitrilotriacetic acid/His-tag purification (Qiagen). For the preparation of apo-protein, the purified T1 sample was dialyzed for over 36 h in the Tris buffer containing 2 mM EDTA. The tetrameric and monomeric forms were then separated through a fast protein liquid chromatography S75 column (Amersham Biosciences) in their buffers containing either 50 M ZnSO 4 or 2 mM EDTA, respectively, for further experiments. MES was used to buffer for pH values 6.0 and 6.5, HEPES for pH values 7.0 and 7.5, Tris for pH values 8.0 and 8.5, and 3-[1,1-dimethyl-hydroxyethyl)-amino]-2-hydroxypropanesulfonic acid (AMPSO) for pH 9.0 and 9.5. The protein was stored at 4°C until use.
Analytical Centrifugation-1 mg/ml of protein was loaded on to Beckman Optima-XLA in Tris, pH 8.0, buffer containing either 2 mM EDTA or 50 M ZnSO 4 . The protein was run at three different speeds overnight. The data were analyzed by the program Origin (adapted for the Optima XLA by Beckman, Palo Alto, CA). Intrinsic Fluorescence Measurements-All the fluorescence measurements were done on a fluorimeter (Photon Technology International). The excitation/emission monochrome slit widths were 1 nm. The excitation wavelength was 283 nm for both the wavelength scans and the time-based scans. The emission wavelength was at 339 nm, and the average value was obtained over 10 s.
Kinetics of Association and Dissociation-Monomerization of T1 tetramer was initiated by incubating 50 g of protein in the 1 ml of buffer containing 2 mM EDTA. Tetramerization of T1 monomer was initiated by incubating 50 g of protein in 1 ml of buffer containing ZnSO 4 in 200 M excess of 2 mM EDTA. Monomerization experiments were initiated manually with the dead time of up to 4 s, with the exception of the reaction carried out at pH 6.0, which was carried out using a manual stopped-flow instrument. All the tetramerization experiments were carried out on the manual stopped-flow instrument. Fluorescence intensity was measured over time to follow the reactions. Each data point is an average of 3-6 measurements. The increase in fluorescence intensity is linearly proportional to the concentration of tetramer ([T]) and the remaining to be [M] by subtracting [T] from the constant starting concentration. The resulting data were fit to an equation with a single exponential to derive the rate, k in the unit of sec
Equilibrium Denaturation-A 50-g protein sample was dissolved in 1 ml of the corresponding denaturation buffer that ranged in urea concentration from 0 to 7.6 M and was equilibrated at room temperature for 2-6 h before measurement. The extent of denaturation was assayed by change in intrinsic fluorescence. The corresponding denaturation data were fit to the equation for the empirical two-state denaturation states by the program Kaleidograph.
RESULTS

Tetramerization of Shal T1 Domain Critically Depends on the Presence of Zn
2ϩ -The first question that we sought to answer was whether the interfacial Zn 2ϩ ions present in the T1 domain are important for subunit tetramerization. To address this question we assessed the molecular size and stability of the isolated rKv4.2 T1 domain in the presence of either Zn 2ϩ or the Zn 2ϩ chelator EDTA, by size-exclusion chromatography and sedimentation equilibrium centrifugation. The protein is first prepared as a pure tetramer by nickel-nitrilotriacetic acid affinity column chromatography from a soluble cytoplasmic fraction of Escherichia coli lysate. Protein samples were dialyzed against the chromatography buffer (20 mM Tris, pH 8.0, 300 mM NaCl, and 5 mM ␤-mercaptoethanol) containing either 50 M Zn 2ϩ or 2 mM EDTA overnight prior to a size-exclusion chromatography. By atomic absorption, the proteins incubated in Zn 2ϩ contain 1 ion of Zn 2ϩ per T1 molecule, whereas those incubated in EDTA contain essentially 0 ions of Zn 2ϩ per T1 molecule. These results were not affected by the His 6 tag because identical measurements are made with or without the His tag removed by proteolytic digestion.
T1 samples elute from the fast protein liquid chromatography size exclusion chromatography column Superdex 75 at 64.5 and 85.4 min in Zn 2ϩ or EDTA, respectively (Fig. 2) . These are the estimated elution time for Stokes' radii of tetrameric and monomeric T1, respectively, based on the elution times for other protein standards. No other size protein peak was detected in these experiments, suggesting that the T1 domain has only 2 stable quarternary states, monomer or tetramer. These results are reproduced for samples prepared at pH values 6.5, 7.0, 7.5, 8.5, 9.0, and 9.5. Without addition of Zn 2ϩ or EDTA to the buffer, the T1 sample is very stable as a tetramer, which contains a stoichiometric amount of Zn 2ϩ (one per subunit) as measured by atomic absorption. In this case the Zn 2ϩ ions were probably picked up from the E. coli culture media during protein expression and retained within the structure by high affinity binding. As further evidence of the high affinity Zn 2ϩ binding, EDTA is essential to dissociate T1 tetramer into monomers because dialysis against a buffer without Zn 2ϩ for up to 3 days does not measurably dissociate tetramers. T1 monomers in EDTA solution were indefinitely stable at concentrations as high as 10 mg/ml within our experimental timeframe (days). We used uniformly 2 mM EDTA in this study, which has an expected binding constant of 10 Ϫ15 M for free Zn 2ϩ in solution. Molecular weight estimates of proteins based on Stokes' hydrodynamic size of the molecule as measured by the elution times from sizing chromatography columns can be affected by molecular shape and possible interaction between the sample and the gel matrix. Therefore, sedimentation equilibrium experiments at three different speeds were also carried out to obtain a shape-independent accurate measurement of the molecular weights of the species in the same buffers with either Zn 2ϩ or EDTA. The data were fit with the assumption that there are only two species (monomer or tetramer) present in each of the two conditions (Fig. 3) . The molecular mass estimate of the molecule in the presence of Zn 2ϩ is 62.0 kDa, whereas it is 16.5 kDa in the presence of EDTA, respectively. These measurements agree very well with the calculated molecular mass of Kv4.2 T1 tetramers (61.6 kDa) and monomers (15.4 kDa). The excellent fit under the two-species model also suggests that there are no other stable oligomeric states such as dimers or trimers in detectable amounts.
Monomerization and Tetramerization Rates are pH-Dependent-The sequence of the rKv4.2 T1 contains a single Tryptophan at position 55 (highlighted in Fig. 1 ). This Trp side chain is positioned near the surface-exposed exterior of the T1 tetramer at the interfacial junction between adjacent subunits and thus is likely to change in environment as the protein changes from monomer to tetramer. We therefore used this Trp as a spectroscopic probe to measure the conformational changes of the protein under different conditions. We first measured differences in the Trp fluorescence for T1 tetramers or monomers prepared as described above for size exclusion chromatography. The tetramers were excited at 283 nm, and their emission maximum was measured at 339 nm (Fig. 4) . The Trp fluorescence intensity of the tetramer at 339 nm is, however, about twice that of the monomer, which has the maximum emission wavelength red-shifted to 343 nm. We could therefore use this large difference in emission to follow the kinetics of T1 domain assembly or disassembly upon Zn 2ϩ addition or chelation. Based on the empirical two-states monomer-tetramer model, the resulting data were fit with a single exponent to derive the conversion rates: k m from tetramer to monomer and k t from monomer to tetramer. Assembly of mono- mers to tetramer was initiated by adding 2.2 mM of Zn 2ϩ (200 M in excess over EDTA) to 50 g/ml of monomers. In the standard buffer condition at pH 7.5, the rate of T1 tetramerization, k t , is ϳ0.14 per second. To measure the disassembly rate, k m , conversion of tetramers to monomers was initiated by incubating 50 g/ml of tetramer (ϳ1 M monomer concentration) with 2 mM EDTA. The disassembly rate under these conditions was ϳ0.01 per second.
There was no significant change in the shape and magnitude of the monomer or tetramer emission spectra at different pH levels, but the rate of conversion between the tetramer and monomer is highly pH-dependent. At lower pH, the Zn 2ϩ -coordinating ligands (imidazole group on His and sulfhydryl group on Cys) will be titrated with protons making them less favorable for binding Zn 2ϩ . As expected, the tetramerization (k t ) rate increases slightly as the pH becomes more basic, consistent with the notion that deprotonation would favor metal binding (Fig. 5) . The tetramerization rate could not be accurately measured at pH 9 or higher because Zn 2ϩ precipitates at such basic pH levels, probably as a complex with hydroxides. The monomerization (k m ) rate, however, showed a much greater pH dependence in rate between pH 6.0 and 9.0, compared with a relatively insignificant difference in k t over the same pH range. Indeed, at pH 6.0, the monomerization rate becomes ϳ10-fold faster than tetramerization. Measurements below pH 6.0 could not be made because the T1 protein precipitates appreciably at such acidic pH levels.
If the Zn 2ϩ -binding sites were freely accessible in solution, the rate dependence on pH for tetramerization and monomerization would be reciprocally related as dictated by the free energy change associated with pH (protonation) state. Our results indicate therefore that the physical access to Zn 2ϩ by EDTA is a time-limiting step, which requires partial disassembly of the T1 tetramer. For such a "buried" Zn 2ϩ , the effects of solution pH or local ionic strength on the rates of disassembly will primarily reflect properties of conformational dynamics of the protein structure rather than on Zn 2ϩ -EDTA affinity alone. We conclude therefore that the profound dependence of k m on pH reflects limited accessibility of EDTA to the Zn 2ϩ -binding sites buried within the protein, which become more accessible at acidic pH.
An Altered Conformation of Kv4.2 T1 Tetramer Is Detectable during the Process of Partial Denaturation of the Protein-If
the conformational dynamics of the T1 tetramer are pH-dependent, as predicted above, then lower pH should also affect the free energy profile of the unfolding process for the T1 tetramer carried out in the presence of 50 M Zn 2ϩ . We used the fractional change in Trp fluorescence emission as a function of urea concentration to measure the amount of the unfolded protein to detect any changes in the thermodynamic stability of the protein fold, as measured by linear extrapolation to 0 M denaturant (25) . At pH levels more acidic than 7.5, the denaturation midpoint shift progressively to the left (lower urea concentration), but the slope of transition near the mid-point of denaturation does not change (Fig. 6 ). An altered slope would have been indicative of the changes in cooperativity among four subunits during the unfolding process. Thus, these results are consistent with the conclusion that the T1 tetramer interface does not associate cooperatively to influence the rate of dissociation of the T1 tetramer as a function of pH, instead the conformational flexibility of the protein itself increases at lower pH.
In contrast, at pH 7.0 we found that the denaturation curve is shaped in the form of two S curves, with a more sensitive change in Trp emission evident in the region below 2.5 M urea followed by second change in Trp emission above 3.0 M urea (Fig. 7) . Changes in the conformational energy profile by pH may indicate the existence of alternate conformations of the T1 tetramer, to which the equilibrium may shift at lower pH. Analytical centrifugation or gel filtration chromatography of the T1 domain in 2.5 M urea with Zn 2ϩ reveals that all the protein is still tetrameric, indicating that this change in Trp emission is produced within the tetrameric T1 domain. The simplest explanation for these results is that at acidic pH an altered conformation is readily accessible in which the single Trp residue is exposed to a more aqueous environment thus changes the fluorescence emission. The transition midpoint to the intermediate conformer is ϳ0.8 M urea, at pH 7.0, indicating a small energy difference to the standard T1 tetramer conformation at this pH. Based on our observation of the essential role of Zn 2ϩ for tetramerization and the increased rate of monomerization at lower pH, we conclude that the faster dissociation of the T1 tetramer at lower pH is facilitated by the presence of an altered conformation that T1 tetramer can adopt at lower pH.
DISCUSSION
The existence of Zn 2ϩ at the assembly interface as originally visualized in the crystal structure of Shaw-type Kv channel T1 domain (7) raised the question of what the role of Zn 2ϩ is in the channel protein. In this study, we have used size-exclusion chromatography, analytical centrifugation, and fluorescence spectroscopy as tools to study the role of Zn 2ϩ in the conversion of T1 domain between monomer and tetramer and to follow the process of protein unfolding through urea denaturation. We have shown that removal of Zn 2ϩ from the T1 tetramer by EDTA is energetically sufficient to break apart the T1 tetramer into stable monomers, although the rate of conversion is limited by the inaccessibility to the buried Zn 2ϩ within the protein. Addition of Zn 2ϩ to the T1 monomer rapidly and reversibly reassembles the domain into a tetramer, indicating that the monomer is a stable folded state of the protein that can exist without the presence of Zn 2ϩ . Fluorescence intensity at 339 nm reports primarily an environmental change around the single Trp-55 that is predicted to contribute to the subunit tetramerization interface (see Fig.  1B ). The increased intensity and the slight blue shift upon T1 tetramerization indicates that the single Trp, with probably a small fraction of the signal contributed by the 10 Tyr residues present in the T1 domain, moves toward a hydrophobic environment within the subunit interface of the T1 tetramer. By characterizing the molecular sizes of the T1 domain under the same solution conditions, we confirm that this change in fluorescence emission spectra is produced by protein monomerization. During the conversion to the partially or fully disassembled conformation, the T1 domain likely retains the same tertiary structure intact upon release of Zn 2ϩ because the conversion is fully reversible, and the fluorescence intensity is further reduced upon complete unfolding by the addition of 8 M urea to the monomers. In this context, the presence of waterstable monomers is strikingly interesting to us, although it is not completely surprising based on the fact that the interface consists of highly polar amino acids (6, 7) .
The exact role of Zn 2ϩ for intact Kv channels are far from being understood completely. The work described in this paper clearly shows that Zn 2ϩ binding provides sufficient energy for the tetramerization of the isolated Kv4.2 T1 domain. Furthermore, we show that the kinetic rate of disassembly to monomers is highly pH-dependent, primarily by the putative conformational alterations induced by lower pH so that the Zn 2ϩ can be more readily removed. This conclusion is supported by our unexpected observation that a stable intermediate conformation presumably trapped in a local energy minimum is detected at slightly acidic pH after a partial denaturation by urea. It remains to be understood whether pH and Zn 2ϩ interact under physiological conditions to modulate the tetrameric assembly of non-Shaker-type Kv channels. Mutations introduced to the Zn 2ϩ -coordinating side chains of Kv4.2 channel subunits cause inefficient formation into functional channels in the membrane, but intact channels do not respond to Zn chelators added into the cytoplasm 2 . These results confirm the essential roles of Zn 2ϩ for the stability and rigidity of the functional channels. Channels show more complex responses to acid treatment.
A large change in the ability of the T1 domain to access this alternative conformation at pH 7.0 or below suggests that the T1 domain may act as a pH sensor under physiological conditions. Local protonation can alter the structure of the domain and potentially the stability of protein-protein interactions or channel gating properties. However, there is no evidence whether this conformational flexibility is present to endow pH-sensing ability to the domain. Nevertheless, the conformational flexibility of T1 tetramer induced by solution pH sug- gests a plausible mechanism by which binding of cytoplasmic proteins to the T1 tetramer can trigger a conformational change through the protonation of a specific set of amino acids locally. Such conformational alteration and its propagation through T1 tetramer can be a general mechanism by which protein-protein interactions in the cytoplasm affect channel functions, for which we demonstrate Zn 2ϩ plays an indirect but essential structural role.
Our future studies are aimed at determining what roles Zn 2ϩ and the T1 domain play in defining the electrophysiological and regulatory properties of the channel itself. Despite varying degrees of emphasis on the importance and role of the Nterminal cytoplasmic domain in the regulation of channel properties (8, 10, (21) (22) (23) (24) , it becomes evident that conformational changes in the cytoplasmic domains play a direct role in regulating the transmembrane pore regions of the channel (10 -12, 19, 20) . Apparently, an ion channel in the cell membrane is not an isolated independent protein but rather a complex assemblage of multiple structural and regulatory proteins, the full extent of which is only recently emerging (26) . The location of the T1 domain at the heart of such a multi-protein complex suggests that understanding the intricacies and roles of this domain requires complete knowledge on the context under which it naturally resides.
